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We explore the possibility of retrieving Auger spectra with FEL radiation. Using a laser pulse of
260 eV photon energy, we study the interplay of photo-ionization and Auger processes following the
initial formation of a 2p inner-shell hole in Ar. Accounting for the fine structure of the ion states
we demonstrate how to retrieve the Auger spectrum of Ar+ → Ar2+. Moreover, considering two
electrons in coincidence we also demonstrate how to retrieve the Auger spectrum of Ar2+ → Ar3+.
PACS numbers: 32.80.Fb, 41.60.Cr, 42.50.Hz, 32.80.Rm
I. INTRODUCTION
The response of atoms to intense extreme ultraviolet
(XUV) and X-ray Free-Electron-Lasers (FEL) is a fun-
damental theory problem. In addition, understanding
FEL-driven processes is of interest for accurate model-
ing of laboratory and astrophysical plasmas. The fast
progress in generating intense FEL pulses of femtosec-
ond duration renders timely the study of FEL driven
processes in atoms. Such processes include the formation
of inner-shell vacancies by photo-absorption and the sub-
sequent Auger decays. Exploring the interplay of photo-
ionization and Auger processes is a key to understanding
the rich electron dynamics underlying the formation of
highly charged ions [1–3] and hollow atoms [2, 4, 5].
Auger spectra have attracted a lot of interest over the
years with early studies involving the formation of an
inner-shell hole following the impact of a particle, such as
an electron [6–10]. From the early 80s, synchrotron radi-
ation has largely replaced particle impact as a triggering
mechanism of Auger processes [11–14]. Such studies in-
clude the detailed Auger spectrum following the decay of
Ar+(2p−1) [15, 16]. The reason for using synchrotron ra-
diation is that it is monochromatic and allows for well de-
fined initial excitations in the soft and hard X-ray regime.
A recent study with synchrotron radiation [17] involves
the measurement of Auger spectra following the decay of
the Ar2+(2p−1v−1) ionic states; v−1 is a hole in a valence
orbital and Ar2+(2p−1v−1) is formed by single-photon
double ionization.
In this work, we explore the feasibility of obtaining de-
tailed Auger spectra using FEL radiation. FEL radiation
allows for well-defined initial excitations. It also allows
for the creation of multiple inner-shell holes resulting in
multiple Auger decays; generally the Auger spectra thus
generated have larger yields than those generated from
synchrotron radiation. The increasing availability of FEL
sources provides an additional motivation for the current
study. We explore the interplay of photo-ionization and
Auger processes in Ar interacting with a 260 eV FEL
pulse, a photon energy sufficient to ionize a single inner-
shell 2p electron in Ar. We compute the ion yields due
to Auger and photo-ionization processes and study the
ion yields dependence on the FEL pulse parameters. To
do so we solve a set of rate equations [18, 19]. Initially,
in the rate equations we only account for the electronic
configuration of the ion states. This simplification allows
us to gain insight into the processes involved and explore
the optimal parameters for observing Auger spectra. We
next proceed to fully account for the fine structure of the
ion states in the rate equations. We subsequently ob-
tain the detailed Auger spectrum of Ar+ → Ar2+. More-
over, we demonstrate how the detailed Auger spectrum
of Ar2+ → Ar3+ can be observed in an FEL two-electron
coincidence experiment.
II. AUGER AND ION YIELDS EXCLUDING
FINE STRUCTURE
We model the response of Ar to a 260 eV FEL pulse
by formulating and solving a set of rate equations for
the time dependent populations of the ion states [18, 19].
Our first goal is to gain insight into how the ion and
Auger yields depend on the duration and intensity of the
laser pulse. To do so, in this section, we simplify the the-
oretical treatment by accounting only for the electronic
configuration, i.e, (1sa, 2sb, 2pc, 3sd, 3pe) of the ion states
and not the fine structure of these states. By fine struc-
ture we refer to all possible 2S+1LJ states for a given elec-
tronic configuration, accounting for spin-orbit coupling.
To compute the Auger transition rates between different
electron configurations we use the formalism introduced
by Bhalla et al. [20] and refer to these transition rates as
Auger group rates in accord with [20].
A. Rate equations
In the rate equations we account for single-photon ion-
ization and Auger transitions. For the ion states con-
sidered the X-ray fluorescence widths are typically three
orders of magnitude smaller than the Auger decay widths
[21]; we can thus safely neglect the former. In Fig. 1, ac-
counting for states up to Ar4+, we illustrate the photo-
ionization and Auger transitions between states with dif-
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FIG. 1. (Color online) Ionization pathways between differ-
ent electronic configurations of Ar, up to Ar4+, accessible
with sequential single-photon (~ω = 260eV) absorptions and
Auger decays. The label (a,b, c, d, e) stands for the electronic
configuration (1sa, 2sb, 2pc, 3sd, 3pe). The red and green lines
indicate photo-ionization and Auger transitions, respectively.
ferent electron configurations that are allowed for a laser
pulse of 260 eV photon energy. This photon energy is suf-
ficient for creating a single inner-shell 2p hole and multi-
ple valence holes in Ar. In the rate equations we include
all possible ion states accessible by a 260 eV laser-pulse;
the highest ion state is Ar9+(1s2, 2s2, 2p5, 3s0, 3p0). The
rate equations describing the population I(q)i of an ion
state i with charge q take the form
d
dt
I(q)j (t) =
∑
i
(σi→jJ(t) + Γi→j) I(q−1)i (t) (1)
−
∑
k
(σj→kJ(t) + Γj→k) I(q)j (t)
d
dt
A(q)i→j = Γi→jI(q−1)i (t),
d
dt
P(q)i→j = σi→jJ(t)I(q−1)i (t),
where σi→j and Γi→j are the single-photon absorption
cross section and Auger decay rate from initial state i to
final state j, respectively. J(t) is the photon flux. Atomic
units are used in this work. The temporal form of the
FEL flux is modelled with a Gaussian function [18] which
is given by
J(t) = 1.554× 10−16 I0[W cm
−2
]
~ω[eV]
exp
{
−4 ln 2
(
t
τX
)2}
(2)
with τX the full width at half maximum and I0 the peak
intensity. The first term in Eq. (1) accounts for the for-
mation of the state j with charge q through the single-
photon ionization and Auger decay of the state i with
charge q− 1. The second term in Eq. (1) accounts for
the depletion of state j by single-photon ionization and
Auger decay to the state k with charge q + 1. In Eq. (1),
we also solve for the Auger yield A(q)i→j from an initial
state i with charge q− 1 to a final state j with charge q.
In addition, we solve for the photo-ionization yield P(q)i→j
from an initial state i with charge q− 1 to a final state
j with charge q. These yields provide the probability for
observing an electron with energy corresponding to the
transition i→ j. The total Auger and photo-ionization
yields for the transition from any state with charge q− 1
to any state with charge q are given by
A(q) =
∑
i,j
A(q)i→j , P(q) =
∑
i,j
P(q)i→j . (3)
To find the total ion yield of a state with charge q, i.e.,
the ion yield for Arq+ we sum over the populations of all
ion states with charge q
I(q) =
∑
i
I(q)i . (4)
All yields are computed long after the end of the pulse.
As we show later in the paper, it is also of interest to
compute the Auger and photo-ionization yields along a
pathway i→ j→ k. These yields provide the probability
for observing in a two-electron coincidence experiment
two electrons with energies corresponding to the transi-
tions i→ j and j→ k. If there is only one state i leading
to state j then the probability for observing the electron
emitted in the transition i→ j and the electron emitted
in the transition j→ k is simply the Auger A(q)j→k or the
photo-ionization P(q)j→k yield. However, it can be the case
that we have multiple states leading to state j, for ex-
ample, i→ j→ k and i′ → j→ k. Then to compute the
probability P(q)j(i)→k or A(q)j(i)→k for observing the electron
emitted in the transition i→ j and the electron emitted
in the transition j→ k we need to solve separately for the
contribution of state i to the population of state j:
d
dt
I(q−1)j(i) (t) =(σi→jJ(t) + Γi→j)I(q−2)i (t) (5)
−
∑
k′
(σj→k′J(t) + Γj→k′)I(q−1)j(i) (t)
d
dt
P(q)j(i)→k =σj→kJ(t)I(q−1)j(i) (t)
d
dt
A(q)j(i)→k =Γj→kI(q−1)j(i) (t).
B. Auger group rates
To compute the Auger group rates Γi→j we use the
formulation of Bhalla et al. [20]. For each electron con-
figuration included in the rate equations, we obtain the
energy and bound atomic orbital with a Hartree-Fock
(HF) calculation. These calculations are performed with
3TABLE I. Auger group rates for a transition from an initial
state (1sa, 2sb, 2pc, 3sc, 3pe) to a final state where the elec-
tron filling in the 2p hole in the initial state and the electron
escaping to the continuum occupy nl and n′l′ orbitals. We
also list the Auger rates obtained in [28] using the Hartree-
Fock-Slater (HFS) method, in [29] using a Hartree-Fock (HF)
method, and in [29] using a CI calculation. The rates are
given in 10−4 a.u.
initial config. method group rates (10−4 a.u.)
a b c d e 3s3s 3s3p 3p3p total
2 2 5 2 6 HFS [28] 0.77 12.85 47.90 61.52
HF [29] 0.28 15.74 56.97 72.99
CI [29] 0.47 9.54 54.74 64.75
this work 0.45 15.60 51.67 67.72
the ab initio quantum chemistry package molpro [22]
using the split-valence 6-311G basis set. To compute the
continuum orbital that describes the outgoing Auger elec-
tron we use the Hartree-Fock-Slater (HFS) one-electron
potential that is obtained using an updated version of the
Herman Skillman atomic structure code [23, 24]. This
one electron potential is expressed in terms of an effec-
tive nuclear charge ZHFS(r). The resulting radial HFS
equation is of the form[
− d
2
dr2
+
l(l + 1)
r2
− ZHFS(r)
r
]
Pnl(r) = EPnl(r), (6)
where the orbital wavefunction is given by
ψnlm(r) = r
−1Pnl(r)Ylm(rˆ). We solve equation Eq. (6)
for the continuum orbital (E > 0) using the mod-
ified Numerov method [25, 26]. We match the
solution to the appropriate asymptotic boundary
conditions for energy normalized continuum wave
functions [27]. In Table I we list our results for
the Auger group rates Ar+(2p−1)→ Ar2+(3s−13p−1),
Ar+(2p−1)→ Ar2+(3s−2) and Ar+(2p−1)→Ar2+(3p−2)
and compare them with two other calculations that
employ the HFS method [28] and the HF method [29]
both for the bound and the continuum orbitals. As
expected, our results lie between the results of these
two calculations. For reference, we also list in Table
I the results from a Configurational Interaction (CI)
calculation [29]. In Table II we list our results for all the
Auger group rates involved in the rate equations for Ar
for a 260 eV FEL pulse.
C. Results for Auger and Ion yields
For the photo-ionization cross sections we use the Los
Alamos National Laboratory atomic physics codes [30]
that are based on the HF routines of R. D. Cowan [31].
Assuming that the initial state is the neutral Ar, we
solved numerically [32] the set of first order differential
TABLE II. As in Table I for results obtained in this work for
all Auger group rates included in the rate equations.
initial config. group rates (10−4 a.u.)
a b c d e 3s3s 3s3p 3p3p total
2 2 5 2 6 0.450 15.598 51.665 67.713
2 2 5 2 5 0.502 9.615 25.457 35.575
2 2 5 1 6 - 9.244 58.693 67.937
2 2 5 2 4 0.568 9.429 20.324 30.321
2 2 5 1 5 - 5.780 29.273 35.053
2 2 5 0 6 - - 68.708 68.708
2 2 5 2 3 0.638 7.973 11.680 20.291
2 2 5 1 4 - 5.631 23.952 29.583
2 2 5 0 5 - - 33.761 33.761
2 2 5 2 2 0.710 5.845 4.349 10.905
2 2 5 1 3 - 4.650 13.337 17.986
2 2 5 0 4 - - 23.946 23.946
2 2 5 2 1 0.778 2.843 - 3.621
2 2 5 1 2 - 3.374 4.909 8.283
2 2 5 0 3 - - 14.309 14.309
2 2 5 2 0 0.863 - - 0.863
2 2 5 1 1 - 1.612 - 1.612
2 2 5 0 2 - - 5.168 5.168
rate equations in Eq. (1). In Fig. 2 we show our results
for the total ion I(q) and Auger A(q) yields as a function
of the pulse intensity for pulse durations of 5 fs and 50
fs. From Fig. 2 we observe that A(q) can be very similar
to I(q) for q ≥ 2 depending on the pulse intensity and
duration. Indeed, the formation of Arq+ occurs from a
sequence of transitions where the final step involves ei-
ther the single-photon ionization or the Auger decay of
Ar(q−1)+. For high pulse intensities, independent of the
pulse duration, both final steps are likely and thus A(q)
is different than I(q). For small pulse intensities, if the
pulse is short then the formation of Arq+ through the
Auger decay of Ar(q−1)+ is favored; if the pulse is long
multi-photon absorption is highly likely making possible
formation of Arq+ also through single-photon ionization
of Ar(q−1)+. Thus, generally, for small pulse intensities,
if the pulse is short A(q) ≈ I(q) while if the pulse is long
A(q) 6= I(q).
D. Truncation of the number of states included in
the rate equations
Fig. 2 shows that appropriate tuning of the laser pa-
rameters can result in large Auger yields even for high ion
states. Regarding Auger spectra this is an advantage of
FEL radiation compared to synchrotron radiation. How-
ever, discerning the Auger spectra produced by the FEL
pulse is a challenging task since many photo-ionization
41012 1013 1014 1015 1016 1017 1018
Intensity (W cm−2 )
10-5
10-4
10-3
10-2
10-1
100
Y
ie
ld
5 fs
q=2
q=3
q=4
q=5
q=6
q=7
q=8
1012 1013 1014 1015 1016 1017 1018
Intensity (W cm−2 )
10-5
10-4
10-3
10-2
10-1
100
Y
ie
ld
50 fs
q=2
q=3
q=4
q=5
q=6
q=7
q=8
FIG. 2. (Color online) Total ion I(q) (solid lines) and Auger
A(q) (dashed lines) yields as a function of intensity for pulse
duration of 5 fs (top) and 50 fs (bottom).
and Auger electrons escape to the continuum. In the next
section we focus on the Auger electron spectra resulting
from ion states up to Ar3+. To accurately describe these
spectra we need to account for the fine structure of the
ion states included in the rate equations. However, such
an inclusion results in a very large increase of the num-
ber of ion states that need to be accounted for in the rate
equations. For instance, when considering states up to
Ar4+ the number of ions states in the rate equations in-
creases from 21(no fine structure) to 186 (with fine struc-
ture). We thus truncate the number of ion states we con-
sider. In Fig. 3 we compare I(q), for q = 1,2,3,4, when
we include ion states up to Ar9+ and up to Ar4+. We
find that the truncation affects only I(4) while I(1), I(2)
and I(3) are unaffected. Since the focus of the current
work is the Auger electron spectra up to Ar3+, in what
follows we truncate to include only ion states up to Ar4+.
Moreover, comparing Fig. 3 with Fig. 2, we find that a
pulse duration of 5 fs is short enough for A(q) ≈ I(q)
to be true for intensities up to roughly 1016 W cm−2.
This guarantees that less photo-ionization electrons are
ejected to the continuum making it easier to discern the
Auger electrons. We also find that for pulse intensities
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FIG. 3. (Color online) Total ion yields I(q) for q = 0,1,2,3,4
when ion states up to Ar9+ (dashed lines) and ion states up to
Ar4+ (solid lines) are included as a function of pulse intensity
for pulse durations 5 fs (top) and 50 fs (bottom).
around 1015-1016 W cm−2 both A(2) and A(3) yields have
significant values. Thus, a laser pulse with duration of 5
fs and intensity of 5 × 1015 W cm−2 is optimal for the
experimental observation of the Auger electron spectra
up to Ar3+.
III. AUGER SPECTRA
A. Computation of fine structure ion states
We next describe the method we use to compute the
fine structure states of each electron configuration that is
included in the truncated rate equations. To obtain the
fine structure ion states we use the grasp2k package [33]
and the relci extension [34] provided in the ratip pack-
age [35]. These packages are used to perform relativis-
tic calculations within the Multi-Configuration Dirac-
Hartree-Fock (MCDHF) formalism [36]. The photo-
ionization cross sections and Auger decay rates between
fine structure states are then calculated using the photo
and auger components of the ratip package. Since
grasp2k utilizes the Dirac equation the calculations are
5performed in the j-j coupling scheme. We briefly outline
the steps we follow to obtain the fine structure states for
a given electron configuration of Ar; where appropriate
we illustrate using Ar+(1s2, 2s2, 2p5, 3s2, 3p6).
1) We identify the fine structure states for the electron
configuration at hand; in our example these states are
2P1/2 and
2P3/2. We identify the configurational state
functions (CSFs) that can be constructed out of the pos-
sible nlj orbitals; in our example the possible CSFs are
1.(1s21/2, 2s
2
1/2, 2p
1
1/2, 2p
4
3/2, 3s
2
1/2, 3p
2
1/2, 3p
4
3/2); J
P =
1
2
−
2.(1s21/2, 2s
2
1/2, 2p
2
1/2, 2p
3
3/2, 3s
2
1/2, 3p
2
1/2, 3p
4
3/2); J
P =
3
2
−
Each fine structure state is a linear combination of the
CSFs that have the same total angular momentum J and
parity P ; in our example 2P1/2 is expressed in terms of
the first CSF and 2P3/2 in terms of the second CSF.
A Self-Consistent-Field (SCF) DHF calculation is now
performed for all the CSFs. This calculation optimizes
the nlj orbitals and the coefficients in the expansion of
each fine structure state in terms of CSFs.
2) To account for electron correlation, as a first step,
we include the additional orbitals 3d3/2 and 3d5/2. A
new set of CSFs is generated from the single and double
excitations of the step-1 CSFs, while keeping the occupa-
tion of the 1s, 2s and 2p orbitals frozen. A new MCDHF
calculation is then performed with the new set of CSFs
keeping the step-1 nlj orbitals frozen and only optimizing
the newly added ones.
3) As a second step in accounting for electron correla-
tion, we include all orbitals up to 4d3/2, 4d5/2. Again, as
for step-2, a new set of CSFs is generated from the single
and double excitations of the step-1 CSFs, while keeping
the occupation of the 1s, 2s and 2p orbitals frozen. An-
other MCDHF calculation is performed optimizing only
the newly added, compared to step-2, orbitals. Intro-
ducing correlation orbitals layer by layer as described in
steps 1-3 is the recommended procedure in the grasp2k
manual in order to achieve convergence of the SCF cal-
culations.
4) Finally, using the orbitals generated in steps 1-3 we
perform a CI calculation that optimizes the coefficients
that express each fine structure state in terms of all the
CSFs generated in steps 1-3.
In Table III we list the energies and Auger rates we ob-
tain using the method described above for the fine struc-
ture states of Ar+(2p−1). To directly compare with the
experimental results in [15] we define the intensity for an
Auger decay from an initial state i to a final state j as
Ii→j =
Γi→j∑
j Γi→j
, (7)
and is scaled such that the intensity for the transition
Ar+(2p−1)→ Ar2+(3p−2;1 S0) is equal to 100 in accord
TABLE III. The Auger energies and rates from the Ar(2p−11/2)
and Ar(2p−13/2) initial state to a final state where the electron
filling in the 2p hole and the electron escaping to the contin-
uum occupy nl and n′l′ orbitals. We list the MCDHF results
obtained in this work and the experimental results of Pulkki-
nen et al. [15]. The Auger electron energies E are given in eV
and the Auger rates Γ are given in 10−4 a.u.
Final State Exp. [15] this work
E I E Γ I
Ar+(2p−11/2)
3p3p 3P2 207.39 76 207.57 2.37 64
3P1 207.25 176 207.44 5.11 138
3P0 207.20 60 207.38 2.13 58
1D2 205.65 404 205.64 11.78 318
1S0 203.26 100 203.35 3.70 100
3s3p 3P2 - - 193.25 0.02 1
3P1 193.13 24 193.12 1.12 30
3P0 193.07 18 193.06 0.58 16
1P1 189.50 39 188.66 1.85 50
3s3s 1S0 176.43 6 175.36 0.62 17
Ar+(2p−13/2)
3p3p 3P2 205.24 261 205.43 7.58 240
3P1 205.10 73 205.30 2.77 88
3P0 205.08 26 205.24 0.73 23
1D2 203.50 390 203.50 11.01 348
1S0 201.11 100 201.22 3.16 100
3s3p 3P2 191.09 77 191.11 1.52 48
3P1 190.95 11 190.98 0.35 11
3P0 - - 190.92 0 0
1P1 187.39 71 186.52 1.79 57
3s3s 1S0 174.27 13 173.22 0.61 19
with [15]. It can be seen that our calculated results are in
good agreement with the experimental results of Pulkki-
nen et al. [15].
B. Results for Auger and Ion yields including fine
structure
In Fig. 4 we show the total ion I(q) and Auger A(q)
yields accounting for fine structure for a pulse duration
of 5 fs. We find that these yields are very similar to the
yields obtained in the previous section where fine struc-
ture was neglected. Thus our conclusions in the previous
section regarding optimal laser parameters for observing
the Auger electron spectra up to Ar3+ still hold. Also
in Fig. 5 we plot the Auger yields A(2)i→j and A(3)ı→j for all
possible i, j fine structure states.
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FIG. 4. (Color online) Total ion I(q) (solid lines) and Auger
A(q) yields (dashed lines) for q = 2, 3, 4 as a function of inten-
sity for a pulse duration of 5 fs. These yields are calculated
with fine structure included in the rate equations.
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FIG. 5. (Color online) The Auger yields A(2)i→j (blue, solid
lines) and A(3)i→j (red, dashed lines) as a function of intensity
for a pulse duration of 5 fs. These yields are calculated with
fine structure included in the rate equations.
C. Auger spectra including fine structure
1. One-electron Auger spectra
In Fig. 6 we compute the electron spectra for a 260
eV FEL pulse with 5 × 1015 W cm−2 intensity and 5
fs duration. Both the Auger A(q)i→j and photo-ionization
P(q)i→j yields for charges up to q = 4 contribute to the
peaks in these electron spectra. To account for the en-
ergy uncertainty of a 5 fs pulse, which is 0.37 eV, we
have convoluted the peaks in Fig. 6 with Gaussian func-
tions of 0.37 eV FWHM. We find that the energies of
the photo-ionization electrons ejected in the transition
Ar+ → Ar2+ (peak height P(2)i→j) are well separated from
the energies of the Auger electrons ejected in the transi-
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FIG. 6. (Color online) The electron spectra for a 5 fs, 260
eV pulse with an intensity of 5 × 1015 W cm−2 for energies
between 150 and 250 eV (a) and energies between 155 and
177 eV (b). For clarity the plot range of (b) is highlighted in
yellow in (a). The peaks are convoluted by 0.37 eV FWHM
Gaussian functions. The peaks of the photo-ionization elec-
trons emitted during transitions from the initial states Ar
(black) and Ar+ (green) are in the energy ranges denoted by
A, B, and C (see Table IV). The peaks of the Auger electrons
emitted during the transitions Ar+(2p−1)→ Ar2+ (red) are
in the energy ranges denoted by D, E, and F, and the ones
emitted during the transitions Ar2+(2p−1v−1)→ Ar3+ (blue)
are in the energy ranges denoted by E, F, and G (see Table
IV).
tions Ar+ → Ar2+ (peak height A(2)i→j) and Ar2+ → Ar3+
(peak height A(3)i→j); the photo-ionization peaks are above
210 eV while the Auger peaks are below 210 eV. In Fig. 6
and Table IV, the energy range of the photo-ionization
electrons is denoted by A, B, C; the energy range of the
Auger electrons emitted during transitions from the ini-
tial states Ar+ and Ar2+ are denoted by D, E, F, and E,
F, and G, respectively. In Fig. 6 we see that the Auger
yields A(2)i→j (D, E, F) are much larger than all other
Auger yields in the same energy range. They can thus
7TABLE IV. Labeling of energy regions in the electron spec-
trum shown in Fig. 6. e−p and e
−
A stand for photo-ionization
and Auger electrons, respectively. u−1 represents a hole in
any of the 2p, 3s or 3p orbitals.
Region Transitions
A Ar+~ω →Ar+(3p−1) + e−P
B Ar+~ω →Ar+(3s−1) + e−P
B Ar+(u−1) + ~ω →Ar2+(u−13p−1) + e−P
C Ar+(u−1) + ~ω →Ar2+(u−13s−1) + e−P
D Ar+(2p−1)→Ar2+(3p−2) + e−A
E Ar+(2p−1)→Ar2+(3s−13p−1) + e−A
F Ar+(2p−1)→Ar2+(3s−2) + e−A
E,F,G Ar2+(2p−1v−1)→Ar3+(v−3) + e−A
be discerned and measured for the laser parameters un-
der consideration. The Auger yields A(3)i→j (E, F, G) are
smaller but still visible, while the Auger yields A(4)i→j are
too small to be discerned in Fig. 6. However, except for
the energy region below 170 eV, the Auger electron spec-
tra resulting from the transitions Ar2+ → Ar3+ overlap
with the Auger electron spectra resulting from the tran-
sitions Ar+ → Ar2+. Thus, in order to discern and be
able to experimentally observe the latter Auger electron
spectra we need to consider spectra of two electrons in
coincidence. We do so in what follows.
2. Two-electron coincidence Auger spectra
We now consider the electron spectra resulting from
the transitions:
Ar +~ω → Ar+(2p−1) + e−P → Ar3+ + e−P + e−B + e−C (8)
The photo-ionization electron e−P has an energy of 12.3 eV
for Ar+(2p−13/2) and 10.2 eV for Ar
+(2p−11/2). This energy
is very different from the energies of electrons e−B and
e−C . It thus suffices to plot in coincidence the energies
of electrons e−B and e
−
C . We note that many coincidence
experiments have been performed with synchrotron ra-
diation [12, 14, 16, 17]. While some coincidence experi-
ments have been performed with FEL radiation [37, 38]
the low repetition rate poses a challenge. Advances in
FEL sources should overcome such challenges in the near
future.
In Fig. 7 we plot in coincidence the energies of elec-
trons e−B and e
−
C . Specifically, Fig. 7 corresponds to the
Ar+(2p−13/2) fine structure state in Eq. (8). We only show
the spectrum that lies below the line EB = EC (black
solid line), with EB the energy of electron e
−
B and EC
the energy of electron e−C . Since the two electrons are in-
distinguishable, the remaining spectrum can be obtained
by a reflection with respect to the line EB = EC of
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FIG. 7. (Color online) Two-electron coincidence spec-
tra for Ar+(2p−13/2) →Ar3+(v−3) generated by a 5 fs, 5 ×
1015 W cm−2 FEL pulse. We show the spectrum below
the EB = EC line for the PPP (green squares), PAP
(blue triangles) and PPA (red circles) transition sequences,
see text for details. The Ar3+(3p−3) final fine structure
states are labeled as 1:4S, 2:2D, 3:2P , the Ar3+(3s−13p−2)
states as 4:4P , 5:2D, 6:2S, 7:2P , and the Ar3+(3s−23p−1)
state as 8:2P . The energy range of the PPA transi-
tion sequences Ar+(2p−1)→ Ar2+(2p−13s−1)→ Ar3+ and
Ar+(2p−1)→ Ar2+(2p−13p−1)→ Ar3+ are highlighted by
yellow.
the spectrum shown in Fig. 7. From Eq. (8) it follows
that each line with EB + EC = constant, grey lines
in Fig. 7, scans the spectra of electrons emitted from
transitions in Eq. (8) through any possible fine structure
state of Ar2+ to the same fine structure state of Ar3+.
The spectra of the electrons emitted from the transitions
in Eq. (8) can be labelled according to the sequence of
photo-ionization (P) and Auger processes (A) involved
while transitioning from Ar to Ar3+: PPA (red in Fig. 7),
PPP (green) and PAP (blue). Our goal is to retrieve
the Auger electron spectra corresponding to the transi-
tions Ar2+ → Ar3+. These latter spectra are the ones
labelled as PPA in Fig. 7; we highlight the energy range
of the e−B and e
−
C electrons emitted in the PPA tran-
sition sequences Ar+(2p−1)→ Ar2+(2p−13s−1)→ Ar3+
and Ar+(2p−1)→ Ar2+(2p−13p−1)→ Ar3+. Thus to be
able to retrieve the Auger electron spectra associated
with the transitions Ar2+ → Ar3+ we must be able to
discern the PPA from the PPP and the PAP transi-
tion sequences. We see that in the highlighted area in
Fig. 7 there is some small overlap of the PPA with the
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FIG. 8. (Color online) Two-electron coinci-
dence spectra for Ar+(2p−1)→ Ar2+(2p−13s−1)→ Ar3+ for
the Ar2+(2p−13s−1) fine structure states 1P1, 3P1 and
3P2. The peaks of the spectra corresponding to the
Ar2+(2p−13s−1;1 P1) fine structure state, to the left of the
vertical dashed-white line, are much smaller than the rest of
the spectra and we have thus multiplied them by a factor of
10 so that they are visible. The coincidence peaks have been
convoluted by 0.37 eV FWHM Gaussian functions.
PPP and PAP sequences. However, we find that the
height of the peaks of the PPA transition sequences are
much larger than the height of the peaks of the PPP and
PAP transition sequences. Specifically, the total Auger
yield A(3) associated with the PPA transition sequences
is roughly 5 times larger than the photo-ionization yield
P(3)PAP corresponding to the PAP transition sequences and
10 times larger than the photo-ionization yield P(3)PPP
corresponding to the PPP transition sequences, with
P(3)PAP + P(3)PPP = P(3). To show that this is indeed
the case we show in Fig. 8 the contour plot of the two-
electron coincidence spectra associated with the high-
lighted area in Fig. 7 corresponding to the transitions
Ar+(2p−1)→ Ar2+(2p−13s−1)→ Ar3+. Note that the
height of the peaks in Fig. 8 is given by A(3)j→k or A(3)j(i)→k
(see discussion in section IIA) for the PPA transition
sequences while the height is P(3)j→k or P(3)j(i)→k for the
PPP and PAP transition sequences. Each coincidence
peak has been convoluted by a 0.37 eV FWHM Gaussian
function. We find that all except one of the observable
peaks in Fig. 8 are due to PPA transition sequences; the
small height peak at (EC = 211.7, EB = 190) is due to
a PAP sequence. We have thus demonstrated that we
can retrieve from the two-electron coincidence spectra
the Auger electron spectra associated with the transi-
tions Ar2+ → Ar3+. We note that a similar discussion
and conclusions hold for the Auger spectra correspond-
ing to the Ar+(2p−11/2) fine structure state in Eq. (8).
Finally we note that our calculations neglect satellite
structure. That is, we do not account for Auger tran-
sitions where one electron fills in the 2p hole, another
one escapes to the continuum while a third one is pro-
moted to an excited state. The main (larger) satellite
Auger yields we are neglecting are most likely due to the
Ar+(2p−1) →Ar2+(3s−13p−1) transition[15]. However,
these satellite yields are smaller than the main Auger
yields for this transition. In addition, these satellite
Auger yields would only contribute to the part of the
spectrum corresponding to PAP transition sequences in
the energy region EB =170 -180 eV and EC =210-220
eV. But as we discussed above the contribution to the
electron spectra from PAP transition sequences is smaller
than the contribution from the PPA transition sequences.
Thus our approximation is justified.
IV. CONCLUSIONS
We have explored the interplay of photo-ionization and
Auger transitions in Ar when interacting with a 260 eV
FEL pulse. Solving the rate equations we have explored
the dependence of the ion and Auger yields on the laser
parameters accounting, at first, only for the electron con-
figuration of the ion states. We have found that an FEL
pulse of roughly 5 fs duration and 5×1015 Wcm−2 inten-
sity is optimal for retrieving Auger electron spectra up
to Ar3+. Secondly, we have account for the fine struc-
ture of the ionic states and have truncated the rate equa-
tions to include states only up to Ar4+. We have shown
how the Auger electron spectra of Ar+ → Ar2+ can be
retrieved. We have also shown that the Auger electron
spectra of Ar2+ → Ar3+ can also be retrieved when two
electrons are considered in coincidence. We have thus
demonstrated that interaction with FEL radiation is a
possible route for retrieving Auger electron spectra. We
believe that our work will stimulate further theoretical
and experimental studies along these lines.
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